Objectives: To describe the survival outcome of patients with borderline resectable or locally advanced pancreatic ductal adenocarcinoma (BR/LA-PDAC) who have a pathologic complete response (pCR) following neoadjuvant chemoradiation. Background: Patients with BR/LA-PDAC are often treated with neoadjuvant chemoradiation in an attempt to downstage the tumor. Uncommonly, a pCR may result. Methods: A retrospective review of a prospectively maintained database was performed at a single institution. pCR was defined as no viable tumor identified in the pancreas or lymph nodes by pathology. A near complete response (nCR) was defined as a primary tumor less than 1 cm, without nodal metastasis. Overall survival (OS) and disease-free survival (DFS) were reported. Results: One hundred eighty-six patients with BR/LA-PDAC underwent neoadjuvant chemoradiation and subsequent pancreatectomy. Nineteen patients (10%) had a pCR, 29 (16%) had an nCR, and the remaining 138 (74%) had a limited response. Median DFS was 26 months in patients with pCR, which was superior to nCR (12 months, P ¼ 0.019) and limited response (12 months, P < 0.001). The median OS of nCR (27 months, P ¼ 0.003) or limited response (26 months, P ¼ 0.001) was less than that of pCR (more than 60 months). In multivariable analyses pCR was an independent prognostic factor for DFS (HR ¼ 0.45; P ¼ 0.030) and OS (HR¼0.41; P ¼ 0.044). Neoadjuvant FOLFIRINOX (HR¼0.47;, P ¼ 0.015) and negative lymph node status (HR¼0.57; 0.36-0.90, P ¼ 0.018) were also associated with improved survival. Conclusions: Patients with BR/LA-PDAC who had a pCR after neoadjuvant chemoradiation had a significantly prolonged survival compared with those who had nCR or a limited response.
P
ancreatic ductal adenocarcinoma (PDAC) is an aggressive malignancy with a poor prognosis. Despite advancements in surgical, systemic, and radiation therapies, mortality of PDAC is projected to surpass colorectal cancer to become the second leading cause of cancer-related death in the United States by 2030. 1 Complete surgical resection remains the only potentially curative option. Even the most encouraging results in the era of ''contemporary chemotherapy'' reported a median overall survival of 28 months after resection and adjuvant chemotherapy. 2, 3 Patients with borderline resectable or locally advanced PDAC (BR/LA-PDAC) may have margin-negative surgery after a period of neoadjuvant chemotherapy or chemoradiotherapy. 4 Patients with successfully resected BR/LA-PDAC following neoadjuvant therapy have similar overall survival when compared with those with initially resectable disease. 5, 6 Furthermore, neoadjuvant chemoradiation has increasingly been utilized even in patients with resectable PDAC due to its potential ability to reduce micrometastatic disease, increase likelihood of a complete resection, and offer a potential survival advantage. 7 A pathological complete response (pCR) in PDAC is uncommon and observed in only 3% to 11% of resected specimen treated with neoadjuvant therapy. 6, [8] [9] [10] [11] [12] [13] In esophageal and locally advanced rectal adenocarcinoma, a pCR is associated with greatly improved outcomes with lower rates of local recurrence and improved survival. [14] [15] [16] Initial reports have suggested a similarly improved survival for PDAC patients with pCR. [9] [10] [11] [12] However, due to the rarity of a complete response in PDAC, pCR has been grouped with other significant responders in multivariable analysis. Thus, the independent prognostic value of pCR remains unclear. Small tumor size and negative nodal metastases are well-established prognostic indicators for improved long-term overall survival in patients with resectable PDAC following curative resection. 17, 18 Therefore, we defined tumors less than 1 cm without nodal metastases as ''near complete response'' (nCR) and used these as an established comparison cohort in this study.
In this study, we present the survival outcomes of a cohort of patients with BR/LA-PDAC who had a pCR or a nCR after neoadjuvant treatment. We evaluated the prognostic impact of pCR on survival.
METHODS
Patients with BR/LA-PDAC who presented to Johns Hopkins Hospital between 2008 and 2016 were identified from a prospectively maintained database and included in this study. Patients were identified From the
Demographics, Clinicopathological, and Treatment Characteristics
The following features were extracted from our single-institutional prospective database: age, sex, location of tumor, type of neoadjuvant chemotherapy, type of radiation therapy, lymph node status, lymphovascular invasion, perineural invasion, margin status, type of surgery, requirement of vascular resection, postoperative complications, and treatment response. pCR was defined as an absence of any viable tumor in the pancreas or lymph nodes on final pathology. A nCR was defined as a primary tumor less than 1 cm of total measured area, without nodal metastases. The remaining neoadjuvant patients were deemed to be limited responders (LR). Identified cases of pCR had all histopathology, including the initial biopsies, re-reviewed by a pathologist with expertise in pancreatic malignancies.
All patients included in this study received neoadjuvant chemotherapy and radiation as either conventional external beam radiotherapy (CRT) or stereotactic body radiation therapy (SBRT). Chemotherapy regimens were selected at the discretion of the treating medical oncologist and were divided into single agent therapy, gemcitabine-based combination regimens (predominately gemcitabine/nab-paclitaxel or gemcitabine/capecitabine) and FOL-FIRINOX (5-fluorouracil, leucovorin, oxaliplatin and irinotecan). Modified-FOLFIRINOX was commonly utilized at our institution and was not separated from full dose FOLFIRINOX therapy.
Patients who proceeded to the operating suite underwent pancreaticodudoenectomy, distal pancreatectomy, or total pancreatectomy as determined by the location and extent of the tumor. An R0 resection was defined as !1 mm of margin free of malignant cells. Vascular resections were performed if involvement of the superior mesenteric vein, portal vein, celiac axis, or hepatic artery was appreciated. Vascular reconstruction was preferentially performed by primary repair. Patch venorrhaphy or interposition grafting was used only when primary repair was not feasible. Perioperative complications within 90 days from resection were scored by the Clavien grading system. 20 Clavien grade III or greater were considered severe complications.
Follow-up and Survival
Follow-up data through August 2017 was retrieved from our database. The date of death was obtained from medical records, local obituary, or the Social Security Death Index. OS was calculated from the date of neoadjuvant therapy initiation to the date of death from any cause, or censored until the date of last follow-up. DFS was calculated from the time of surgery to the date of recurrence defined radiographically or confirmed patient death. Tissue diagnosis of recurrence was not routinely performed. Post-recurrence survival (PRS) was defined as the interval from documented recurrence to time of death or last follow-up.
Statistical Analysis
Statistical analysis was performed using Stata/MP 12.1 (Stata Corp, College station, TX). Categorical variables were expressed as percentages and were compared using a x 2 or a Fisher exact test. Continuous variables were presented as median and interquartile range (IQR), and were compared using a Wilcoxon-Mann-Whitney test or a Kruskal-Wallis test. Survival analysis was performed using Kaplan-Meier survival estimates and a log-rank test. A P value less than 0.05 was considered statistically significant. Multivariable analysis included all variables significant on univariable analysis and was performed using a Cox proportional-hazards model.
RESULTS
Between 2008 and 2016, 186 patients with BR/LA-PDAC who completed neoadjuvant chemotherapy and radiation followed by pancreatectomy were identified. One hundred five patients were males (57%) and median age at the time of operation was 63 (IQR 69-57). Eighty-seven cancers (47%) were defined as borderline resectable, and 99 (53%) locally advanced. 19 SBRT was utilized in 74 patients (40%), and CRT in the remaining 112 (60%). FOLFIRINOX was the most commonly utilized neoadjuvant regimen in 83 patients (45%) followed by combination gemcitabine therapy in 74 patients (40%) and singleagent chemotherapy in 29 (16%). Histopathologic specimens of the evaluable cohort were reviewed by pancreatic pathologists for the treatment effect. A pCR was observed in 19 patients (10%). Of the patients without a pCR, 29 (16%) had a nCR with the remaining 138 (74%) a limited response. Median follow-up for all the patients was 27 months (range 3-102). The median follow-up in the pCR group was 34 months (11-101), with 58% of pCR patients remaining alive, with a median follow-up of 41 months (24-101) in these living patients. Additional clinicopathologic features of the pCR and remaining groups were similar and summarized in Table 1 .
Predictors of Survival
Four patients (2%), including 1 with pCR, died within 90 days after the operation due to perioperative morbidity and were excluded from the survival analysis. A median OS of 27 months was appreciated in the 182 evaluable patients. In the pCR group, median OS Values that met our defined P value of significant P < 0.05 were bolded. Additionally those that met our inclusion criteria for multivariate model (univariate P of <0.10) were also bolded.
was not yet met at 60 months, which was longer than patients without a pCR (26 months, P ¼ 0.001) (Fig. 1) . With the additional subclassification of the nCR cohort in patients without a pCR, median OS remained superior in pCR when compared with both nCR (27 months, P ¼ 0.003) and LR (26 months, P ¼ 0.001). No difference was appreciated between the patients with nCR or LR (P ¼ 0.773) (Fig. 1) .
Results of univariable and multivariable analyses of predictors of OS are presented in Table 2 . Unadjusted factors significantly associated with improved survival were pCR, neoadjuvant SBRT, neoadjuvant FOLFIRINOX, lack of perineural invasion, negative node metastases, and an R0 resection. On multivariable analysis, a pCR (HR 0.41, 95% CI 0.17-0.97, P ¼ 0.044), and neoadjuvant treatment with FOLFIRINOX (HR 0.47, 95% CI 0.26-0.87, P ¼ 0.015) remained independent predictors of OS. A trend was noted associating improved survival with a negative margin (HR 0.63, 95% CI 0.38-1.04, P ¼ 0.069) and negative nodal status (HR 0.67, 95% CI 0.43-1.03, P ¼ 0.071).
DFS was superior with Kaplan-Meier survival estimates and median DFS of 26 months in pCR cohort compared with 12 in nCR (P ¼ 0.019) and 12 in LR groups (P < 0.001) (Fig. 2) . No difference was appreciated between nCR and LR (P ¼ 0.768). In 44% (n ¼ 8) of pCR patients, no recurrence or death was observed. In the nCR (n ¼ 8) and LR (n ¼ 19) cohorts, only 27 patients (16%) did not have recurrence or death after surgery. Of the pCR patients with recurrence, 2 had loco-regional recurrence (20%) and 7 had distant recurrence including 3 patients with liver metastases, 1 with lung metastases, and 3 with carcinomatosis or multiple-site recurrence. The patterns of recurrence were similar in the non-pCR patients: with loco-regional recurrence documented in 30 (22%) patients and lung only metastases in 6 (4%). The remaining sites of distant recurrence included liver in 43 (31%) patients, carcinomatosis or mutliple-site recurrence in 33 (24%) patients, and other locations such as abdominal wall or ovary in 3 (2%) patients. Unfortunately, 1 (10%) patient with a pCR and 22 (16%) patients in the non-pCR cohort were identified as deceased without clear documentation of recurrence pattern. Despite similarities in recurrence patterns, a notable difference was appreciated in PRS, or the interval from recurrence to death. A PRS of only 6.4 months was observed in patients without a pCR compared with 11.2 months in those with a pCR (P ¼ 0.029). Of patients with documented recurrence, 33% of those with a pCR compared with 16% of those without pCR remain alive with disease.
On univariable analysis, pCR, negative margins (R0), lack of lymphovascular invasion, lack of perineural invasion, and negative nodal metastases correlated with prolonged time to recurrence or death. On multivariable analyses, nodal metastases (HR 0.57, 95% CI 0.36-0.90, P ¼ 0.018) and pCR (HR 0.45, 95% CI 0.22-0.93, P ¼ 0.030) were independent predictors of improved DFS (Table 3) .
DISCUSSION
This study presents our single institution cohort of pCR following neoadjuvant chemoradiation treatment in BR/LA-PDAC. Furthermore, we examine the association of pCR with survival. The magnitude of post-therapy response, and specifically a pCR, has been shown to be an important prognostic factor for survival in several malignancies. 14 -16 In pancreatic cancer, small tumor size, negative margins, and negative nodal metastases are the best established prognostic indicators for improved long-term OS following curative resection. 17, 18 Due to these established factors, the nCR group, as defined by <1 cm tumor with negative nodal metastases and negative margins, was used as an additional comparison group in our series. In this study, we found that BR/LA-PDAC patients with pCR had better survival, with the median not yet reached at 60 months, as compared with those with nCR or limited response. Median OS of the entire cohort was 27 months which is encouraging when compared with our institution's historical cohort of over 2000 upfront pancreatic resections yielding a median OS of 19 months. 17, 21 Therefore, the prognostic impact of a pCR, which was significant for improved OS even within a preselected cohort, is notable. Moreover, in our study pCR was an independent prognostic factor for improved OS and DFS. These findings lend support to the use of neoadjuvant chemoradiation treatment in patients with BR/LA-PDAC and the use of pCR as an endpoint for future study.
Several prior studies have reported on patients with a pCR following neoadjuvant treatment for PDAC. After an extensive literature search, 21 studies and case series were identified with A) outcomes for patients receiving neoadjuvant chemoradiation for PDAC and B) at least 3 or more patients with a pCR (Table 4) . 9 -13,22 -37 The sample size of resected patients after A B FIGURE 1. A) Kaplan-Meier estimates of overall survival in patients with BR/LA-PDAC treated with neoadjuvant chemoradiation followed by pancreatic resection based on histological response. B) Kaplan-Meier estimates of overall survival in patients with BR/LA-PDAC treated with neoadjuvant chemoradiation followed by pancreatic resection based on histological response. pCR v nCR (P ¼ 0.003), pCR v LR (P ¼ 0.001), LR v nCR (P ¼ 0.773).
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neoadjuvant treatment ranged from 9 to 583 patients for a total of 2402 patients. Percentage of pCR ranged from 2% to 33% and pCR was observed in a total of 138 patients (6%), highlighting the rarity of a pCR in pancreatic cancer patients. Available recurrence and survival outcomes were encouraging and are shown in Table 4 . Statistically assessing the impact of pCR is difficult due to the small number of patients. Consequently, patients with pCR are often combined with other major response groups to capture the prognostic value of pCR on survival in multivariable models. A study from Fox Chase Center by Chun et al 12 observed a major pathologic response (>95% fibrosis) in 21 patients of 107 patients (19%), including 8 patients (7%) with pCR. Median OS for major responders was 66 months and on subsequent multivariable analysis only major response was an independent predictor of OS (HR 2.26, 95% CI 1.11-4.61). 12 Pietrasz et al 22 defined no evidence of tumor and ypT0-1N0 as complete and major pathologic response, respectively. In their study, 21 of 80 patients (26%) had a major response, including 12 (15%) with pCR. No venous resection and a major response (HR 0.38, 95% CI 0.16-0.93) were independently associated with DFS on multivariable analysis. 22 However, a retrospective study of 6 patients (11%) with pCR reported less robust survival, with early death in 2 patients, and recurrence at a median of 20.4 months in 3 of the 4 remaining living patients. 23 Values that met our defined P value of significant P < 0.05 were bolded. Additionally those that met our inclusion criteria for multivariate model (univariate P of <0.10) were also bolded.
FIGURE 2. Kaplan-Meier estimates of disease-free survival in patients with BR/LA-PDAC treated with neoadjuvant chemoradiation followed by pancreatic resection based on histological response. pCR v nCR (P ¼ 0.019), pCR v LR (P < 0.001), LR v nCR (P ¼ 0.768).
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Several studies from MD Anderson with overlapping inclusion periods have reported on patients with pCR. In a cohort described by Chatterjee et al, 6 patients (3%) with pCR and 36 patients (16%) with minimal residual tumor (<5% viable residual tumor) were grouped together as ''response group 1'' while all other 181 patients were assigned to ''response group 2'' (5% or more viable residual tumor). 9 Subsequently, they showed in 2 separate multivariable analysis models that the pathologic response in group 1 was an independent prognostic factor for OS in both models, but not DFS. Also from MD Anderson, Lee et al 24 reported 3 patients (2%) with a pCR and 18 patients (11%) with <5% residual carcinoma in the surgical specimen after neoadjuvant therapy. Conversely from the results presented by Chatterjee et al, multivariable analysis showed an independent association with improved DFS (P ¼ 0.03), but not OS (P ¼ 0.12). 9 The authors concluded that the lack of statistical significance for OS may have been due to the relatively small number of patients. Of note, these trials were not exclusively limited to BR/LA-PDAC patients.
In our study, neoadjuvant FOLFIRINOX was also an independent prognostic factor for better OS in patients with BR/LA-PDAC who underwent neoadjuvant chemoradiation and pancreatic resection. We have seen increasing use of FOLFIRINOX regimen for the treatment of PDAC on the basis of the ACCORD trial demonstrating improved survival when compared with gemcitabine alone for patients with metastatic PDAC. 38 Similar success has been reported on the utilization of FOLFIRINOX to convert advanced PDAC to resectability, resulting in encouraging OS rates. 39, 40 The combination of gemcitabine þ nab/paclitaxel has similarly offered benefit over single agent gemcitabine alone in advanced PDAC. 41 Two ongoing prospective clinical trials will better assess a potential difference between these 2 agents as neoadjuvant therapy for resectable (NCT02243007) and BR-PDAC (NCT02717091). As the number of patients receiving gemcitabineþnab/paclitaxel was limited in our cohort, any gemcitabine-based combination was grouped together and compared with FOLFIRINOX or single-agent therapy.
The use of neoadjuvant SBRTwas associated with improved OS on univariable analysis. SBRT is a more recent treatment modality and thus was more frequently paired with aggressive multi-agent chemotherapeutic regimens such as FOLFIRINOX. In our study, the use of Values that met our defined P value of significant P < 0.05 were bolded. Additionally those that met our inclusion criteria for multivariate model (univariate P of <0.10) were also bolded. SBRT did not maintain statistical significance when analyzed in a multivariable model, perhaps indicating confounding impact by the independent factors of chemotherapy and pCR. A prospective study comparing SBRT to CRT may help further identify if survival advantages do exist based on radiation modality. Concomitantly, the Alliance A021501 trial will evaluate the role of radiation in combination with chemotherapy comparing FOLFIRINOX versus FOLFIRINOX and SBRT followed by surgical resection in patients with BR-PDAC. An advantage of SBRT is that it can be delivered in only 5 days as opposed to 5 to 6 weeks with CRT, resulting in a shorter interval between neoadjuvant radiation therapy and surgical exploration and consequently allowing less time off from systemic chemotherapy. This may decrease the potential of systemic progression and improve quality of life. 42 The expanded timing of CRT, however, allows better opportunity to develop and test new radiosensitizing therapeutics that may improve treatment effects. 43 At this time, both SBRTand CRTare valid modalities with different benefits and do not appear in our cohort to independently impact survival.
DFS was similarly improved in the pCR cohort and response was identified as an independent prognostic factor on multivariable analysis. While a benefit was noted, a number of patients still had recurrence following a pCR contrary to some existing data that have reported a 0% recurrence rate in pCR cohorts. 9 Patterns of recurrence in pCR patients were similar to both the non-pCR patients in this cohort and previously reported patterns in upfront resected PDAC. 44 However, despite recurrence, a nearly 5 month longer median PRS was observed in pCR patients compared with the remaining cohort (11.2 vs 6.4; P ¼ 0.029). This further suggests the important prognostic impact of a pCR on survival and as a surrogate marker for tumor biology. Moreover, these patients had a significant initial response to chemotherapy, and appear to continue to have beneficial treatment effect from adjuvant treatment following recurrence prolonging PRS. Our study is limited by our method of determining recurrence by radiographic change with a paucity of pathologic confirmation with biopsy. Furthermore, all the patients in our study underwent radiation and a large number of vascular resections were performed, both of which can increase the appearance of local inflammation often misinterpreted as recurrence on imaging. Despite this, 7 patients with pCR had distant recurrence including 2 with peritoneal carcinomatosis. Sampling error or the failure to identify viable cancer cells on pathologic analysis may be a potential contributing factor toward the recurrence noted in our pCR patients. Retrospective molecular analysis of the specimen of pCR patients who recurred may help further illuminate this question.
In summary, we found that pCR in patients with BR/LA-PDAC following neoadjuvant chemoradiation therapy are associated with better survival than those with nCR or limited response. Additionally, pCR, the use of FOLFIRINOX, and a negative lymph node status were identified as independent prognostic factors for improved survival. These findings suggest that pCR is an important prognostic factor and viable endpoint for future study of neoadjuvant therapy in patients with PDAC.
